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ABSTRACT
Winds driven by stellar feedback are an essential part of the galactic ecosystem and are the main mecha-
nism through which low-mass galaxies regulate their star formation. These winds are generally observed to
be multi-phase with detections of entrained neutral and molecular gas. They are also thought to enrich the
circum-galactic medium around galaxies with metals and dust. This ejected dust encodes information about
the integrated star formation and outflow history of the galaxy. It is therefore, important to understand how
much dust is entrained and driven out of the disc by galactic winds. Here we demonstrate that stellar feedback
is efficient in driving dust-enriched winds and eject enough material to account for the amount of extraplanar
dust observed in nearby galaxies. The amount of dust in the wind depends on the sites from where they are
launched, with dustier galaxies launching more dust enriched outflows. Moreover, the outflowing cold-dense
gas is significantly more dust-enriched than the volume filling hot tenuous material, naturally reproducing the
complex multiphase structure of the outflowing wind observed in nearby galaxies. These results provide an
important new insight into the dynamics, structure, and composition of galactic winds and their role in deter-
mining the dust content of the extragalactic gas in galaxies.
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1. INTRODUCTION
Extraplanar dust is typically observed in emission in the far
infrared (FIR) and sub-mm frequencies, which are sensitive
to cool dust (Hughes et al. 1990; Radovich et al. 2001; Rous-
sel et al. 2010; Meléndez et al. 2015; McCormick et al. 2018).
It is also observed in the form of highly structured absorbing
clouds against the background stellar light (Howk & Savage
2000). Starlight is also scattered by the dust, forming reflec-
tion nebulae (RN) which are detected in the ultraviolet (UV)
bands (Hoopes et al. 2005; Hodges-Kluck & Bregman 2014;
Seon et al. 2014; Hodges-Kluck et al. 2016a). These observa-
tions have shown that the dust and warm ionized gas occupy
separate regions of space, representing distinct phases of the
multiphase extraplanar gas. The volume filling factor of the
material traced by extraplanar dust is also much smaller than
that of the ionized gas (Howk & Savage 2000; Rossa et al.
2004). Moreover, in the starbursting galaxy M82, the outflow
velocity of dust is substantially lower than that of both ion-
ized and molecular gas (Yoshida et al. 2011), indicating that
dust grains in the wind are kinematically decoupled from the
gas. These observations indicate that the dynamics of dusty
outflows is complex. Galactic scale winds in low-mass haloes
(Mhalo . 1012M) are mainly launched by the energy injec-
tion of supernova (SN) explosions in the inter-stellar medium
(ISM; Chevalier & Clegg 1985; Strickland et al. 2000). These
winds are capable of entraining cold molecular and neutral
gas (Heckman & Thompson 2017; Naab & Ostriker 2017) and
might also be able to sweep up dust and expel them into the
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CGM of galaxies. Dust grains might also reform by accretion
of metals after the shocked outflowing wind has cooled below
the dust sputtering temperature (Richings & Faucher-Giguère
2018a,b). Radiation pressure by the continuum absorption
and scattering of photons on dust grains is another mechanism
that has been invoked to explain large-scale galactic winds in
highly luminous starbursting galaxies and in high luminosity
quasars (Murray et al. 2005; Barnes et al. 2018).
Modeling the physics and dynamics of these dusty winds
is paramount to understand the complex interplay of star for-
mation, feedback, gas outflows and inflows, that regulate the
formation and evolution of galaxies. There has been a lot
of effort into modeling galactic winds. Most current galaxy
formation models are quite empirical with the efficiency and
dynamics of the winds designed to reproduce the large-scale
properties of galaxies (Vogelsberger et al. 2014; Schaye et al.
2015). These models launch hydrodynamically decoupled
winds that lack the ability to model low temperature gas or
dust implying that they are unable to accurately capture the
structure of the wind. While novel models have been imple-
mented in these simulations, to track the dust distribution in
the ISM (McKinnon et al. 2017; Li et al. 2019), the artificial
wind launching mechanisms imply that the mass loading of
and the dust entrainment properties in the wind are set by the
input parameters and are therefore, not independent predic-
tions of the simulation. Recently, Aoyama et al. (2018, 2020)
used a sophisticated dust model that can follow the grain size
distribution of dust to model the extinction curves of Milky-
Way like galaxies. However, they did not address how the
dust is entrained in galactic winds.
In this Letter, we present high-resolution simulations of iso-
lated galaxies that self-consistently account for dust produc-
tion and destruction mechanisms such as enrichment by SN
and AGB stars, metal deposition onto dust grains, destruction
in supernova remnants, thermal sputtering and dust-radiation
coupling. We investigate the ability of stellar feedback driven
winds in transporting dust from the ISM to the outer parts
of the galactic halo. Our methodology is introduced in Sec-
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Galaxy Mhalo v200 c Mbulge Mdisk rd h rg fgas Zinit Lbox
[M] [km s−1] [M] [M] [kpc] [pc] [kpc] [Z] [kpc]
MW 1.53×1012 169 12 1.5×1010 4.74×1010 3.0 300 6.0 0.16 1.0 600
LMC 1.09×1011 70 14 1.8×108 2.3×109 1.4 140 2.8 0.19 0.5 200
Table 1
The structural parameters of the MW and LMC galaxies.
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Figure 1. A visualisation generated from the infrared (IR; red component), optical (yellow component) and the ionizing radiation (blue component) emission
from the disk in the MW (top panel) and LMC (bottom panel) simulations as seen edge on. Dusty outflows and expanding dusty shells and chimneys are visible
in both simulations. The insets show magnified examples of these topological features. These features are a clear sign of stellar feedback driven dusty outflows
in galaxies Howk & Savage (2000).
tion 2, the main results are presented in Section 3 and finally,
our conclusions are given in Section 4.
2. SIMULATIONS
The simulations are performed with AREPO-RT (Kannan
et al. 2019b) a novel radiation hydrodynamic (RHD) ex-
tension of the moving mesh hydrodynamic code AREPO
(Springel 2010). The reduced speed of light approximation
with c˜ = 103 km s−1 is used in order to reduce the computa-
tional time.
Gas cooling is implemented according the model described
in Kannan et al. (2019a). The simulations employ a novel
self-consistent dust formation and destruction model (McK-
innon et al. 2017). It accounts for three distinct dust pro-
duction channels namely, SNII, SNIa and Asymptotic giant
branch (AGB) stars (Dwek 1998). The dust is assumed to
be dynamically coupled to the gas and is passively advected
along with the gas. The mass of dust in the ISM increases
due to the gas-phase elements colliding with existing grains
(Dwek 1998) and decrease due to shocks from SN remnants
(McKee 1989) and sputtering in high temperature gas (Tsai &
Mathews 1995).
Star formation and feedback closely follow the implemen-
tation of Kannan et al. (2019a) and Marinacci et al. (2019).
Cold gas above a density threshold nth = 103 cm−3, is con-
verted in star particles using the usual probabilistic approach.
Additionally, we impose the condition that the star forming
gas cloud needs to be self gravitating in order to form stars
and add a Jeans pressure floor in order to stop under-resolved
regions from fragmenting artificially. Three feedback mecha-
nisms related to young stars, radiative feedback, stellar winds
from young O, B and AGB stars and finally SN feedback
are implemented. Photoheating, radiation pressure and pho-
toelectric heating are modeled self-consistently through the
radiative transfer scheme. Stellar winds from two classes of
stars, massive, short-lived OB (. 8 M) stars and asymptotic
giant branch (AGB) stars are included. SN is modelled us-
ing a boosted momentum injection method that compensates
for the cooling loses that occur due to the inability to resolve
the Sedov-Taylor phase. The discrete nature of SN explosions
is also modelled by imposing a time-step constraint for each
stellar particle based on its age (i.e. evolutionary stage), such
that the expectation value for the number of SN events per
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Figure 2. The gas mass (solid curves) and dust mass (dashed curves) loading factors (left panel), and the dust-to-gas ratio (D) of the outflow (solid curves) and
the disk (dashed curves) as a function of simulation time (right panel) in the MW (red curves) and LMC simulations (blue curves). The gas mass loading factor
hovers at∼ 2 for the MW simulation (red curves) and at∼ 15 for the LMC simulation (blue curves) throughout the duration of the simulation in agreement with
previous rough theoretical estimates Muratov et al. (2015). On the other hand, the mass loading factor of the dust predicted by the model is lower by about a
factor of 200−500. The plot also shows that the dustier galactic disk is able to launch more dust enriched outflows.
timestep is of the order of unity.
We run two high resolution isolated simulations of a
Milky-Way like galaxy (MW; Mhalo = 1.53× 1012M) and a
Large Magellanic Cloud-like galaxy (LMC; Mhalo = 1.09×
1011M). We set up an equilibrium galaxy model consist-
ing of a dark matter halo, a bulge and a stellar and gaseous
disks in a domain of size Lbox. The DM halo and the bulge are
modeled with a Hernquist profile (Hernquist 1990; Springel
et al. 2005). The gas and the stellar disk have an exponential
profile in the radial direction with an effective radius rg and
rd respectively. The vertical profile of the stellar disk follows
a sech2 functional form with the scale height h. The verti-
cal profile of the gaseous disk is computed self-consistently
to ensure hydrostatic equilibrium at the beginning of the sim-
ulation. The initial gas temperature is set to 104 K. The gas in
the disk has a metallicity equal to a value of Zinit. The lack of
cosmological gas inflow into the disk can generate unrealis-
tic gas metallicities. To avoid this the material returned from
stars to the ISM has the same chemical composition of the
star particle (i.e. production of new heavy elements is turned
off). In this way the initial metallicity Zinit does not increase
with time. The dark matter halo is modelled as a static back-
ground gravitational field, that is not impacted by the bary-
onic physics. The structural parameters of the galaxies under
consideration are given in Table 1. Each galaxy setup is run
with a stellar mass resolution of 2.8× 103M and gas mass
resolution of 1.4× 103M. The corresponding gravitational
softening lengths are ? = 7.1pc and gas = 3.6pc respectively.
3. RESULTS
Fig. 1 presents a visualization generated from the infrared
(IR; red component), optical (yellow component) and the ion-
izing radiation (blue component) emission from the disk in
the MW (top panel) and LMC (bottom panel) simulations as
seen edge on. These visualizations demonstrate the manifold
dusty extraplanar gas, extending above and below the disk. A
variety of complex dust topologies can be observed including
expanding, IR bright, dusty shells, around UV bright regions
and a rich complex of filaments and chimney-like features
(see magnified insets) that extends up to ∼ 2 − 3 kpc above
and below the plane of the galaxy. Such features have also
been observed in nearby galaxies and have been attributed to
hydrodynamical outflows driven by star formation activity in
the disk (Howk & Savage 1999, 2000).
A quantitative picture of wind is obtained by measuring the
gas mass (solid curves) and dust mass loading (dashed curves)
factors (η), defined as the ratio of the mass outflow rate to the
star formation rate of the galaxy, as a function of simulation
time (see left panel of Fig. 2). These quantities are measured
at a height of 2 kpc from the plane of the disk. The gas mass
loading factor hovers at ∼ 2 for the MW (red curves) and at
∼ 15 for the LMC run (blue curves) throughout the duration
of the simulation. This is in agreement with previous rough
theoretical estimates (Muratov et al. 2015). On the other hand,
the loading factor of the dust predicted by the model is lower
by about a factor of 200 − 500. These low dust loading fac-
tors are mainly due to the fact that the dust-to-gas ratio of the
disk, from where these outflows are launched, is usually less
than 1%. This is demonstrated more clearly in the right panel
of Fig. 2, which shows the dust-to-gas ratio (D) of the wind
(calculated as the mass loading of dust divided by the mass
loading of gas; solid curves) compared to the dust-to-gas ratio
of the central disk (dashed curves). D of the MW disk is about
a factor of two higher than the disk in the LMC simulation.
This is because the metallicity of the gas in the MW simula-
tion is initialised to the canonical solar abundance value (Z)
while the metallicity of the LMC run is Z/2, in order to
match the observational estimates (Madden et al. 2013). Al-
though the simulations are initialised without dust, the gas of
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Figure 3. A 2D histogram showing the relative dust-to-gas ratio (Doutflow/Ddisk) of the wind material (2 ≤ z (kpc) < 10) as a function of the density and
temperature for the MW (left panel) and LMC (right panel) simulations.
the disk is enriched during the course of the simulation, such
that the average D is ∼ 0.01 and ∼ 4×10−3 for the MW and
LMC disks, respectively, which is in excellent agreement with
observational estimates (Roman-Duval et al. 2014; Giannetti
et al. 2017). The figure shows that the exact level of dust en-
richment in outflows depends on the dust abundance in the
disk from which the winds are launched, with the dustier disk
launching more enriched winds. The fraction of dust in the
disk is always higher than in the outflow, by about 30−40%,
meaning that the outflows are less dust enriched than the sites
from which they are launched. This is due to the fact that
a certain fraction of the dust is destroyed in SN shocks and
thermal sputtering in the high temperature gas resulting from
SN explosions. We note that turning off the radiation pres-
sure does not change the mass loading factors of either the
dust or the gas in both the MW and LMC simulations. This is
because the star formation rates of these galaxies are moder-
ately low (MW:∼ 2M yr−1; LMC:∼ 0.1M yr−1), such that
the light-to-mass ratio is not large enough to launch winds via
radiation pressure. This is consistent with results of previous
theoretical consideration (Rosdahl et al. 2015; Kannan et al.
2020) that showed that radiation pressure is only important
in dense, compact, and rapidly star-forming galaxies like the
M82 (Thompson et al. 2015). These results demonstrate that
dust is efficiently entrained and expelled out of the disk by su-
pernova driven outflows, offering a path to explain the trans-
port of dust from galaxies into the circum-galactic medium.
A thorough understanding of the gas and dust structure in
the wind is obtained by plotting a two-dimensional histogram
of the relative dust to gas ratio (Dwind/Ddisk) as a function of
the gas temperature and density (Fig. 3) in the MW (left panel)
and LMC (right panel) simulations. We consider all outflow-
ing gas that is at a height between two and ten kpc from the
midplane of the disk. Interestingly, both the MW and LMC
simulations show a complex wind structure that contains both
a cold dense (100. T[K]. 104; 10−3 . nH[cm−3]. 1.0) and
a hot tenuous phase that do not necessarily co-exist in pres-
sure equilibrium. D shows a very strong dependence on the
temperature of the gas. On the other hand, almost all the den-
sity dependence of D arises from the fact that the cold gas
needs to be necessarily dense in order to self-shield from the
local radiation background. The D of the cold-dense gas in the
wind is only slightly lower than D of the disk it is launched
from (Doutflow/Ddisk ∼ 0.8 − 1.0), while D of the warm low-
density material is generally lower by about a factor of 2− 3
(Doutflow/Ddisk ∼ 0.3 − 0.5). Warm gas is primarily ejected
from the sites of SN explosions, which are efficient at de-
stroying dust due to the shocks from SN remnants (McKee
1989). Therefore, D of the hot low density outflow is much
lower than D of the disk. The dense material on the other
hand, arises from the hot wind impinging on cold clouds and
accelerating them to form a multiphase, kinematically decou-
pled wind (Klein et al. 1994; Schwartz & Martin 2004). This
cold and dense entrained material, unaffected by shocks, is
more suitable for dust grains to survive, allowing for it to be
almost as dust enriched as the disk it has been launched from.
We are, therefore, able to reproduce a realistic wind, that is
multiphase, with the dense outflowing material being more
dust enriched than the volume filling warm wind (Rossa et al.
2004; Hodges-Kluck et al. 2016b).
Finally, Figure 4, shows the amount of dust mass ejected
out of the disk of the galaxy (2 ≤ z (kpc) < 10) by the galac-
tic wind, as a function of the stellar mass of the galaxy in the
MW (filled red circle) and LMC (filled blue circle) simula-
tions compared to the observational estimates for the nearby
dwarf (McCormick et al. 2018) and spiral galaxies (Hodges-
Kluck et al. 2016b). The error bars show the time variation
in the amount of dust after the disk in the simulation has set-
tled down (t > 0.2 Gyr). Despite the fact that dust masses
of the dwarf (emission in the far-IR from Herschel) and spi-
ral (reflected UV light of dust grains with GALEX and Swift)
galaxies are obtained using very different techniques, they do
show a relatively tight correlation with the stellar mass of the
galaxy.
The amount of extraplanar dust in the MW and LMC galax-
ies are about ∼ 3× 106M and ∼ 3× 105M respectively,
which is in agreement with the observational estimates. We
note that the total amount of dust mass ejected (above 2 kpc
but not above 10 kpc) from the disk of the galaxy integrated
over the entire duration of the simulation time (1 Gyr; unfilled
circles) is about a factor of ∼ 10 higher than current mass of
the extraplanar dust found in the galaxies. This is because
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Figure 4. The total amount of extraplanar dust mass (2 ≤ z (kpc) < 10) as
a function of the total stellar mass of the galaxy in the MW (red point) and
LMC (blue point) simulations. For comparison we also show the observa-
tional estimates from nearby dwarf (McCormick et al. 2018, N1705, N1800,
N5253, N1569, He2-10, N3077) and spiral (Hodges-Kluck et al. 2016b, NGC
891, NGC 4631, NGC 5775, NGC 5907)galaxies. The corresponding unfilled
circles show the total amount of dust mass ejected from the disk during the
entire duration of the simulation time (1 Gyr), which is about an order of
magnitude larger than the current amount of extraplanar dust in the galaxy.
most of the dust ejected by the galaxies falls back down as
part of the fountain flow and only a small fraction of it remains
outside the disk of the galaxy at any given point in time. This
implies that the amount of extraplanar dust depends chiefly
on the current/recent star formation rate of the galaxy and
the corresponding small scale fountain flow setup by it, and
should therefore be largely independent of the cosmological
environment of the galaxy. Higher mass galaxies generally
have higher star formation rates, which leads to larger out-
flow rates. They also contain dustier discs, which launch more
dust enriched outflows. These two factors combine to gener-
ate a positive stellar mass correlation with the extraplanar dust
mass of the galaxy.
4. CONCLUSIONS
We have presented high resolution isolated simulations of
a Milky-Way like (MW) and a Large Magellanic Cloud like
(LMC) galaxies with detailed modeling of dynamic dust for-
mation, evolution, and destruction. Using these simulations
we investigate the level of dust entrainment in stellar feedback
driven winds. Our main results are summarised as follows.
1. The gas mass loading factor for the MW and LMC sim-
ulations is about ∼ 2 and ∼ 15 respectively, in agree-
ment with previous estimates (Muratov et al. 2015). On
the other hand, we predict that the dust mass loading
factor should be lower by about 200-500.
2. The exact level of dust enrichment in the wind depends
on the sites from where they are launched with the
dustier gas disk launching more dust enriched outflows.
3. The D of the cold-dense gas in the wind is only slightly
lower than D of the disk it is launched from, while D
of the warm low-density material is generally lower by
about a factor of 2− 3. This is because, the warm gas
is primarily ejected from the sites of SN explosions,
which are efficient at destroying dust due to the shocks
from SN remnants. The dense entrained material on
the other hand is unaffected by shocks and is therefore
more suitable for dust grains to survive.
4. The galactic winds launch enough material to com-
pletely account for the amount of extraplanar dust ob-
served in nearby dwarf and spiral galaxies.
5. Most of the ejected dust participates in a small scale
fountain flow and only a small fraction of it remains
outside the plane of the disk at any given point.
We can therefore conclude that stellar feedback driven out-
flows expel enough dust from the disc of the galaxies to ex-
plain the amount of extraplanar dust in galaxies observed in
the nearby Universe. In the future we plan to extend this study
to a fully cosmological framework which will allow us com-
prehensively quantify the dust content in the circum-galactic
and intergalactic gas in the Universe. These findings will be
especially important for current and upcoming sub-mm, FIR
and UV facilities like Herschel, ALMA and JWST that will
help to detect dusty winds (Hodges-Kluck et al. 2019) in a
variety of galaxies at various redshifts.
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